Collective cell behavior in response to mechanical injury is central to various regenerative and pathological processes. Using a double-stranded locked nucleic acid probe for monitoring real-time intracellular gene expression, we examined the spatiotemporal response of epithelial cells during injuryinduced collective migration and compared to the blocker assay with minimal injury as control. We showed that cells B150 mm from the wound edge exhibit a gradient in response to mechanical injury, expressing different genes depending on the wounding process. While release of contact inhibition is sufficient to trigger the migratory behavior, cell injury additionally induces reactive oxygen species, Nrf2 protein, and stress response genes, including heat shock protein 70 and heme oxygenase-1, in a spatiotemporal manner. Furthermore, we show that Nrf2 has an inhibitory role in injury-induced epithelial-mesenchymal transition, suggesting a potential autoregulatory mechanism in injury-induced response. Taken together, our single-cell gene expression analyses reveal modular cell responses to mechanical injury, manipulation of which may afford novel strategies for tissue repair and prevention of tumor invasion in the future.
Introduction
Collective cell migration is a fundamental multicellular activity that plays essential roles in numerous physiological and pathological processes, such as embryogenesis, tissue regeneration, and cancer metastasis. [1] [2] [3] Proper coordination of epithelial cells is required to repair damaged tissue, in which cells crawl collectively atop an exposed extracellular matrix following injury. 4 Similarly, collective cell migration of endothelial and smooth muscle cells is vital in vascular tissue repair following injury, e.g. postangioplasty. 5, 6 The collective migration mechanisms responsible for embryogenesis and tissue repair are also utilized in invasion and metastasis of malignant tumors. 7 For example, collective invasion of squamous cell carcinomas, which are of epithelial origin and have intact E-cadherin based junctions, in the form of protruding strands are often observed in histopathological analyses. In addition to sheets and strands that maintain contacts with the primary tumor, other morphological and functional variants such as detached cells or cell clusters are also observed. In particular, cancer cells can undergo epithelialmesenchymal transition (EMT) and detach from the primary tumor to migrate individually or collectively. [8] [9] [10] During EMT, epithelial cells lose cell-cell contact and planar polarity, and a Department of Aerospace and Mechanical Engineering, The University of Arizona, acquire a mesenchymal phenotype, which has high motility and invasiveness. In contrast to the classical view, collective cell migration is also suggested to be a fine-tuned, partial EMT process, in which cells near the leading edge undergo different degrees of EMT to enable efficient migration of the cohesive epithelia while maintaining internal organization. 11, 12 Understanding injury-induced collective migration and the ability to modulate this complex process may have a profound impact on translational medicine. For instance, emerging evidence has indicated that tissue biopsy and surgical removal of primary tumors may induce cell injury and increase the potential of metastatic tumor outgrowth, as well as the circulating tumor cell count. [13] [14] [15] [16] [17] However, injury-induced cell migration processes are challenging to study, as only a small amount of cells near the wound are responding to the injury, and numerous interrelated molecular and signaling events are involved. For instance, it is known that cell injury induces the reactive oxygen species (ROS) level during wound healing and ROS production can trigger the EMT process. 18, 19 It has also been proposed that EMT can be modulated by the nuclear factor E2-related factor 2 (Nrf2) signaling pathway. 20 Recently, Nrf2 has been demonstrated to suppress EMT in cyclosporin A-induced renal fibrosis and reduce the invasiveness of cancer cells. 21, 22 Nevertheless, the involvement of Nrf2 in the injury response and the potential role of Nrf2 in injury-induced EMT have not been explored. Systematic investigations are required to decipher what influence mechanical injury has on cells, how many cells are involved, and how cells regulate the injury response during collective migration. Elucidating the collective cell behaviors, nevertheless, is hindered by a lack of effective approaches for monitoring the individual cell responses during injury-induced collective cell migration. While single-cell measurement techniques such as microfluidics and single-cell PCR platforms exist, these techniques often disrupt the cell organization and cannot monitor the dynamics of cell behaviors. 23, 24 To address this challenge, minimally-invasive biosensing techniques with high spatiotemporal resolution are required. We have previously developed a homogeneous biosensor, double-stranded DNA, which binds rapidly to a specific nucleic acid sequence and produces a fluorescence signal. [25] [26] [27] By modifying the probe with locked nucleic acid monomers to enhance its intracellular stability and specificity, the doublestranded locked nucleic acid (dsLNA) probes enable us to measure the dynamics of intracellular gene expression in living cells over an extended period of time. 28 In this study, the effect of mechanical injury on collective cell migration of epithelial cells was investigated. To separate the effects of cell injury and release of contact inhibition, the scratch assay and polydimethylsiloxane (PDMS) assays, which introduced different levels of cell injury, were employed. The spatiotemporal response of cells was monitored by the intracellular dsLNA probes and other molecular assays. The expression of several migratory and stress response genes, including b-actin, heme oxygenase-1 (HO-1) and heat shock protein 70 (HSP70), was monitored in cells near the wound by the dsLNA probes. The cell migration rate, the ROS level, and the Nrf2 protein level were also measured and compared between the two wounding assays. Furthermore, the inhibitory effect of Nrf2 on injury-induced EMT was studied by modulating the activity of Nrf2 with sulforaphane (SFN) and siRNA targeting Nrf2.
Materials and methods

Reagents and cell culture
Unless otherwise specified, all chemicals were purchased from Sigma (Saint Louis, MO, USA). Synthetic targets and dsLNA probes were synthesized by Integrated DNA Technologies Inc. The Nrf2 siRNA and the control siRNA were purchased from Qiagen (Valencia, CA, USA). The effectiveness and specificity of the siRNA have been tested previously. 29, 30 Breast cancer cell lines, MCF7 and MDA-MB-231, were obtained from the ATCC (Manassas, VA, USA). Cells were maintained in Dulbecco's modified Eagle's medium (DMEM) from Invitrogen (Carlsbad, CA, USA) supplemented with 10% fetal bovine serum, 2 mM HEPES buffer, and 0.1% gentamycin at 37 1C and 5% CO 2 . Cells were plated in 24-well tissue culture plates or glass coverslips placed in six-well plates. To form uniform epithelia for wound healing experiments, cells were seeded at an initial concentration of 10 5 cell per ml for 2 days.
Establishment of a Nrf2-YFP stable cell line
The Nrf2-YFP plasmid has been previously described. 31 The Nrf2-YFP plasmid was transfected into MDA-MB-231 cells using Lipofectamine Plus from Invitrogen (Grand Island, NY, USA), according to the manufacturer's instructions. At 48 hours posttransfection, cells were grown in medium containing 800 mg ml
À1
G418 from Cellgro (Manassas, VA, USA) for selection. Stable cell lines were established after all cells in the negative control plate were killed. Single colonies were picked and were continuously grown in the DMEM medium containing 600 mg ml À1 G418. The stable cell lines were evaluated by immunoblot and fluorescence microscopy.
Wound-healing assays
Cells were incubated in serum-free culture media for 30 minutes prior to wounding. Two wounding assays were utilized ( Fig. 1a and b and Fig. S1a , ESI †). For the scratch assay, a model wound was created by scrapping in the middle of the confluent cell monolayer with a sterilized 1000 ml pipette tip. To create an empty space for cell migration with minimal injury, the PDMS assay was utilized. [32] [33] [34] [35] PDMS was prepared at a 10 : 1 precursor/ curer ratio, poured into a 100 mm petri dish to 2 mm height, and baked for 3 hours at 70 1C. Blocks of PDMS (5 mm Â 2 cm) were cut with a razor, sterilized with ethanol, and incubated in 3% heat denatured bovine serum albumin (BSA) dissolved in PBS for 1 hour. The PDMS slab was placed onto a 24 well plate forming conformal contact with the surface, which was required to prevent cells from entering into the space under the PDMS slab. After a confluent cell monolayer was formed, the slab was removed, effectively unconstraining the cells. The PDMS lift-off process was performed carefully to minimize the mechanical stress on the cell boundary.
Probe design and preparation
The dsLNA probe is a homogeneous assay for detecting specific nucleic acid sequences. [25] [26] [27] [28] The LNA probe contains a fluorophore labeled on the 5 0 end and is designed to be complementary to the target mRNA (Fig. S1b , ESI †). A complementary quencher probe is also designed with respect to the fluorophore probe. The 3 0 end of the quencher probe is conjugated with a quencher. In the absence of a target mRNA, the fluorophore and quencher probes are in close proximity, diminishing the fluorescence signal. With a target, the quencher probe is replaced by the mRNA due to the thermodynamically-driven hybridization event between the fluorophore probe and the target. As a result, the fluorophore is separated from the quencher and fluoresces. To resist nuclease digestion and avoid non-specific binding with DNA binding proteins, alternating LNA/DNA monomers were used. Alternating LNA/DNA was shown to balance between probe stability and sensitivity. 28 In this study, three different probes were designed based on b-actin, HO-1, and HSP70 mRNA sequences (Table 1) . A random probe was also designed as negative control. The target sequences were obtained from NCBI GenBank and the probe sequences were designed using Mfold and NCBI Basic Local Alignment Search Tool (BLAST). 36, 37 Before transfections, the dsLNA probes were prepared by mixing fluorophore and quencher probes at a 1-to-2 ratio. After 5 min incubation in a water bath at 95 1C, the dsLNA probes were cooled down for 3 hours to reach room temperature.
Gene expression measurement using dsLNA probes Cells were plated in 24-well plates for 24 hours. The cells were transfected with a 0.8 mg dsLNA probe using lipofectamine 2000 in opti-MEM (Invitrogen, Grand Island, NY, USA). The scratch and PDMS wounding assays were performed 24 hours after transfection. The cells exhibited similar behaviors with and without the probes. This observation is consistent with previous intracellular probe studies. 38 Furthermore, the dsLNA probes were applied only in the mRNA expression experiments and have no effect on other molecular and migratory assays.
Visualization of ROS near the wounds
The fluorescent indicator 5-(and-6)-chloromethyl-2 0 ,7 0 -dichlorodihydrofluorescein diacetate, acetyl ester (CM-H2DCFDA) from Invitrogen (Carlsbad, CA, USA) was utilized to visualize the ROS level. This dye readily diffuses into cells and starts to fluoresce due to intracellular removal of acetate groups of CM-H2DCFDA in the presence of ROS. Shortly before the experiment, the dye was diluted to a stock solution of 1000 mM in anhydrous DMSO. Cells were pre-incubated with 5.0 mM dye (final concentration) diluted in phenol red-free DMEM for 30 min at 37 1C.
To measure the ROS induced by ATP and cell lysate, cells were seeded at a density of 40 000 cells per cm 2 , incubated for 24 hours, and exposed to cell lysate or 100 mM ATP. Then, 5 mM dye (final concentration) was added for 30 minutes before measuring the signal.
Immunofluorescence staining assay
Cells were fixed using 3.7% formaldehyde for 15 minutes at room temperature. Immunostaining was performed 48 hours after the wounding assays. Permeabilization was achieved by incubating 0.1% Triton X-100 for 10 minutes at room temperature. were loaded and electrophoresed through SDS-polyacrylamide gels for immunoblot analysis.
Microscope image acquisition
For dsLNA assays, live cells were monitored using an inverted fluorescence microscope (TE2000-U, Nikon, Japan). Bright-field and fluorescence images were acquired using a CCD camera (SensiCamQE, Cook corp., Romulus, MI, USA) at different time points for three days. For immunofluorescence staining, fluorescence images were captured using a HQ2 CCD camera (Photometric, Tucson, AZ, USA). Images were taken under the same conditions for comparison. The exposure times were 0.5 s and 1 s for the immunostaining and dsLNA experiments, respectively. Data collection and imaging analysis were performed using the NIH ImageJ software. For dsLNA probe measurement, the intensity in the cytoplasm of each individual cell was measured and reported in arbitrary units.
Statistical analysis
Student t tests were performed to compare between experimental groups. For intensity measurements in Nrf2-YFP and dsLNA assays, each data point represents mean AE SEM of at least 30 cells near the wound edges in the PDMS and scratch assays. Data represent mean AE SEM. All experiments were repeated for at least three times (n = 3-5).
Results
Release of contact inhibition is sufficient to induce collective cell migration
Two wounding approaches, the scratch assay and the PDMS assay, were applied to study the effects of mechanical injury on collective cell migration. For the scratch assay, cells were mechanically scraped off the tissue culture plate. To separate the effects of cell injury from those induced by the release of contact inhibition, the PDMS assay, associated with a reduced amount of cell injury, was utilized. Specifically, a PDMS slab was placed on the tissue culture plate before cell seeding and the slab was removed to create unconstrained space for cell migration. Similar techniques have been described for studying the effects of release of contact inhibition on cells. [32] [33] [34] [35] In our experiment, we first compared the effects of these wounding strategies on cell migration. The position of the leading edge was observed to increase linearly with time and the migration rates were approximately the same for both assays (Fig. 1c) . This observation is in agreement with previous studies using injury-free wounding assays that the release of contact inhibition is sufficient to induce collective cell migration.
32-35
Cell injury induces ROS and Nrf2 near the wound ROS, which are known to involve in wound healing, were investigated. 19, 20 We monitored and compared the distribution of ROS in the scratch and PDMS assays ( Fig. 1d and e) . Upon scratching, the ROS level first increased in the leading edge. Then, the ROS level appeared to propagate to the adjacent rows of cells B100 mm from the wound edge. A high level of ROS was observed at the wound edge 10 minutes after wounding and the increase in the ROS level lasted over 60 minutes. In contrast, only a low level of ROS was observed near the wound in the PDMS assay. These observations suggest that the release of contact inhibition alone does not trigger ROS generation and release, rather cell injury is required for the elevation of ROS. A key regulator of ROS is the transcription factor Nrf2, which mediates many antioxidant and stress response genes through interactions with the antioxidant response element. 20 Nrf2 is primarily controlled at the protein level. To elucidate the involvement of Nrf2 in injury-induced wound healing, we established a Nrf2-YFP stable cell line and a control YFP cell line for monitoring the Nrf2 protein level in the wounding assays. We first examined the Nrf2-YFP stable cell line using immunoblot and fluorescence microscopy ( Fig. S2, ESI †) . By incubating 5 mM SFN with the cells, the Nrf2 protein level was increased and nuclear accumulation of the Nrf2-YFP protein was observed. Then, the cells were applied in the scratch and PDMS assays (Fig. 2 and Fig. S3 , ESI †). In the scratch assay, the intensity near the wound edge was increased in the Nrf2-YFP cells, but not in the control YFP cells. Interestingly, Nrf2 was upregulated at two different time points after wounding. The first peak was relatively low, peaking between 3-4 h after wounding. The second peak was higher, peaking at B24 h. Furthermore, the spatial distribution of Nrf2 in the scratch assay correlated with the ROS level. In particular, cells within 100-150 mm from the leading edge showed an increase in the Nrf2-YFP level. In contrast, the Nrf2 intensity was roughly constant in the PDMS assay throughout the duration of the experiment. For the PDMS assay, the intensities could not be distinguished between control YFP and Nrf2-YFP cells. These observations reveal that Nrf2 can be induced in cells near the wound by mechanical injury, but not via the release of contact inhibition alone.
Spatiotemporal gene expression profiles
To characterize the cellular responses triggered by cell injury, the level of b-actin mRNA, which can be induced by mechanical injury, was studied. 41 HO-1 (a downstream gene of Nrf2) and HSP70 (a stress response gene) were also included to elucidate the roles of mechanical injury in the cellular stress response. These genes are known to have cytoprotective roles in wound healing. 18, 42 To monitor the expressions in living cells, dsLNA probes were first transfected into the cells (Fig. 3a) . The intracellular gene expression distribution was measured in the scratch and PDMS assays (Fig. 3b) . Examining the intensity distribution revealed a gradient of b-actin mRNA near the wound (Fig. 3c) . The intensity at the leading edge was almost 3-fold higher than the values in cells far away from the wound. The intensities dropped gradually from the leading edge toward the inner region of the cell monolayer, reaching a low level at approximately 150 mm. The intensity and spatial distributions for b-actin were similar in the scratch and PDMS assays (Fig. 3d ). This observation was consistent with the migration rate data, which indicated that the release of contact inhibition is sufficient to induce the cellular migratory response. In addition, the intensities of HO-1 and HSP70 mRNAs at the leading edge were at least 2-fold higher than the values in cells in the inner region with the scratch assay. Similar to b-actin, the intensity dropped from the leading edge toward the inner region of the cell monolayer and the values reached the basal level at approximately 150 mm from the wound edge. In contrast, relatively uniform distributions of HO-1 and HSP70 mRNA were observed in the PDMS assay. The levels of HO-1 and HSP70 mRNAs at the wound edge were significantly higher than the values in the PDMS assay. We have also measured the gene expression dynamics after wounding. The levels of b-actin and HO-1 mRNA continuously increased in the first three days in both scratch and PDMS assays ( Fig. 4a and b) . In contrast, the HSP70 mRNA reached the maximum level two days after wounding (Fig. 4c) , which is consistent with previous studies in rabbit cornea. 43 For HO-1 and HSP70, the intensities in the scratch assay were significantly higher than the values obtained in the PDMS assay at different time points. As a control, the intensity of the random control probe was at a low level throughout the experiment (Fig. 4d) . Collectively, the data suggest that release of contact inhibition can trigger the b-actin expression while cell injury is required for inducing the stress response genes including H0-1 and HSP70.
Injury-induced EMT
Detected cells and clusters with migratory phenotypes were observed in the scratch assay. We hypothesized that cell detachment and the migratory phenotypes, which are characteristics of EMT, were triggered by mechanical injury. We first measured the expressions of epithelial and mesenchymal biomarkers, including E-cadherin and vimentin, in both intact MCF7 and MDA-MB-231 monolayers (Fig. S4 , ESI †). In the scratch assay (Fig. 5a ), MCF7 cells detached from the monolayer and near the wound showed a reduced level of E-cadherin with an increase in vimentin compared to the intact monolayer. Interestingly, some cells in the cluster had low levels of vimentin and migrated along with cells having high levels of vimentin. For the PDMS assay, only minor changes in the E-cadherin and vimentin levels near the wound were observed (Fig. 5b) . The cells near the wound were also characterized with other mesenchymal biomarkers, including N-cadherin, and Snail ( Fig. 6a and b) . 44, 45 The detached cells increased their expressions of mesenchymal biomarkers and reduced the E-cadherin expression.
Immunoblot analysis further confirmed that Snail was upregulated in the scratch assay (Fig. S5a, ESI †) . Then, we characterized the morphology of cells near the wound. Fig. 6c -e illustrated F-actin and vinculin staining in the scratch assay, PDMS assay, and the intact monolayer. In the scratch assay, cells showed reorganization of actin cytoskeleton and formation of focal adhesion near the wound edge. In particular, detached cells had irregular shapes and exhibited well-defined actin stress fibers and focal adhesion. In the PDMS assay, cells near the wound edge also displayed morphological changes and formation of focal adhesion. Few detached cells were observed. In contrast, cells in the monolayer were packed and exhibited cortical actin filaments. We quantified the number of detached cells and clusters to compare the effects of the wounding assays. In general, a larger number of detached cells were observed in the scratch assay. As shown in Fig. 7 , the number of detached cells in the scratch assay was three times higher than the value in the PDMS assay. This observation correlated with the loss of E-cadherin in the scratch assay compared to the PDMS assay. Live cell imaging experiments were performed to confirm that the detached cells were migrated from the monolayers during collective migration. We also quantified the number of detached cells with biomarkers of interest. In both assays, only a small portion of detached cells expressed E-cadherin and the majority displayed mesenchymal biomarkers, in particular for vinculin-based focal adhesion and Snail protein.
Inhibitory role of Nrf2 in injury-induced EMT
To determine the role of Nrf2 in injury-induced EMT, we modulated the Nrf2 activity by Nrf2 siRNA and SFN in the wounding assays using MCF7 cells. The activity of the Nrf2 siRNA was evaluated by immunoblot (Fig. S5b, ESI †) . In the experiments, suppression of Nrf2 reduced E-cadherin and increased vimentin expressions in the scratch assay (Fig. 8a and Fig. S6, ESI †) . The cells appeared to lose cell-cell contact, detach from each other, acquire an invasive phenotype, and migrate toward the wound site. An increase in the cell migration rate was also observed (Fig. S7, ESI †) . Inducing the Nrf2 activity by SFN, in contrast, showed an increase in E-cadherin and reduction in vimentin (Fig. 8b) . Cells also maintained the cell-cell contact. Transfecting the control siRNA has no observable effect (Fig. 8c) . Similar effects of Nrf2 on the EMT biomarkers, cell-cell contact, and cell migration were also observed in the PDMS assay (Fig. 8d-f) . The effects of Nrf2 were further studied by counting the detached cells (Fig. 9a) . The results showed inducing Nrf2 suppressed injury-induced cell detachment and Nrf2 knockdown resulted in cell detachment in both wounding assays. These results suggested an inhibitory role in cell detachment and EMT. Immunoblot further supported the inhibitory role of Nrf2 in EMT (Fig. 9b) . In particular, Nr2f suppression resulted in an increase in Snail while Nrf2 induction led to reduction in Snail protein. Collectively, these results supported the inhibitory role of Nrf2 in injury-induced EMT.
Discussion
In this study, we systematically investigated how epithelial cells respond to mechanical injury. The influences of cell injury were separated from contact inhibition via utilization of the scratch and PDMS assays, which introduce differing levels of cell injury. We demonstrated that cell injury upregulates the stress response genes, including HO-1 and HSP70, and triggers EMT in cells near the wound edge. Remarkably, release of contact inhibition using the PDMS assay has only minor effects on the stress response genes. We, however, do not rule out the possibility of EMT induction by the release of contact inhibition, since detached cells and morphological changes were also observed in the PDMS assay. These observations suggest that the migratory and injury behaviors are different modularities in the cellular response program. This modular control may represent an effective, adaptable strategy for cells to manage different situations, since the stress responses may not be required in some normal physiological scenarios, such as tissue development. Another implication of the modular control is the selection of experimental approaches for investigating collective cell migration. Recently, numerous wounding assays, including physical, solid/liquid barrier, chemical removal, microfluidic, electrical and optical wounding, have been developed. 3 In particular, several injury-free assays have been proposed. [32] [33] [34] [35] These injury-free assays, such as the PDMS assay, have several advantages including repeatable, compatible to geometric control, high throughput, and easy to use. Nevertheless, the role of cell injury should be considered when the migration processes being studied involve damage tissue repair and EMT. It may be best to perform multiple wound healing assays in parallel to avoid ambiguity in interpretation of the results.
To determine the spatiotemporal response of cells, we developed dsLNA probes for monitoring gene expression in individual cells near the wound. In the scratch assay, the cells display active, gradient responses in b-actin, HO-1, and HSP70 near the wound, which maximize at the leading edge and decay in B150 mm (Fig. 3) . This length scale also correlates with the spatial distribution of ROS and Nrf2 near the wound. These results directly address a fundamental question in collective cell behavior: how many cells are actively responding to the injury and contributing to the collective cell response? 44, 45 It is challenging to determine if the cell movement is driven passively from the leading edge or actively from the cells adjacent to the wound. Our single-cell analyses, on the other hand, determine the length scale involved in the collective cell response and show that cells far behind the leading edge actively respond to the injury. These results suggest spatial coordination among the cells during collective cell migration. Another interesting implication of this study is the involvement of Nrf2 in the injury-induced cell response. In particular, we observed induction of ROS and HO-1 mRNA that are regulated by Nrf2. To study the spatiotemporal distribution of Nrf2, a Nrf2-YFP stable cell line was developed and showed upregulation of the Nrf2 protein level near the wound edge. In the scratch assay, two Nrf2 waves were observed approximately 3 h and 24 h after wounding. Similarly, two-wave responses of mitogen-activated protein kinase (MAPK) after wounding have been reported in Madin-Darby canine kidney (MDCK) cells. 35, 46 In these studies, the second MAPK wave was observed in the injury-free assay. In contrast, we did not observe Nrf2 elevation in the PDMS assay, suggesting that the Nrf2 and MAPK signaling may be regulated differently within the context of injury response. More importantly, both immunostaining, cell counting, and immunoblot results suggest that Nrf2 has an inhibitory effect on injury-induced EMT. Suppression of Nrf2 represses E-cadherin based cell-cell contact, induces mesenchymal biomarkers (i.e. vimentin, N-cadherin, Snail), detaches neighbouring cells, and increases cell migration. This is consistent with a recent study suggesting that the loss of Nrf2 in oncogenic cancer cells increases their propensity to migrate faster. 22 In contrast to the classical concept of an ''all-or-nothing'' switch, EMT is recently suggested to be a continuous spectrum of cell states. 11, 12 Since injury also induces the Nrf2 activity, Nrf2 may serve as an autoregulatory mechanism to regulate EMT in a negative feedback loop to enable efficient migration of the cohesive epithelia (Fig. 10) . Further mechanistic study is required to clarify the mechanism of how Nrf2 inhibits EMT and the regulation of injury-induced EMT. Unregulated or unwanted EMT has been associated with various pathological processes. The ability to modulate injury-induced EMT by targeting Nrf2 could potentially be a useful therapeutic approach for suppression of biopsy or surgery induced cancer metastasis and inhibition of fibrosis in injured tissues. [13] [14] [15] [16] [17] Our results demonstrate that cell injury triggers a set of cellular injury responses. Nevertheless, the exact cellular mechanism that is responsible for injury sensing remains unclear. A contributory mechanism for the surviving cells to ''sense'' the injury is the release of intracellular contents in the extracellular space after wounding. ATP, for instance, can rapidly release from injured cells near the wound. 47 In fact, ATP is known to mediate ROS production and activates ROS-dependent oxidative stress response. 48 We have also confirmed that addition of extracellular ATP or cell lysate to epithelial cells can induce ROS (Fig. S8 , ESI †). Diffusible factors, however, may not fully explain the injury sensing process and we do not rule out the possibility that release of contact inhibition is also necessary in injury sensing. In our experiment, initial ROS response is only observed in cells at the leading edge, which experience a release of contact inhibition. Additional sensing and intercellular communication mechanisms are likely involved in the injury sensing mechanism. For instance, cell injury induces calcium wave propagation near the wound and the calcium signal can communicate among the cells by extracellular chemical stimuli or intercellular signaling through cell-cell junctions. 49, 50 In addition, cell traction force has also been suggested to induce the cell response. 46, 51 Traction force microscopy has confirmed the involvement of cells well back from the leading edge in force generation. 52 Further systematic investigations are required to clarify these interrelated molecular and signaling events for elucidating the cellular injury sensing mechanisms.
Conclusion
In summary, the study presented herein provides new insights into the coordinated, modular cell responses in injury-induced collective migration. Using the dsLNA probe, we demonstrate a novel approach to monitor intracellular gene expression in multicellular systems and directly determine the cells that are actively responding to the injury. Our results also suggest a potential autoregulatory role of Nrf2 in injury-induced EMT. These findings will lead to further investigations of the mechanistic basis of injury-induced cell responses and may underpin novel therapeutic strategies in the future. 
